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     Increasing resource prices, environmental awareness and economic opportunities are driving 
forces to develop renewable, often bio-based, materials [1]. The development of products like 
packaging materials, coatings, construction materials, etc., based on renewable resources receives 
much attention. As such, carbohydrates constitute an interesting class of bio-molecules because of 
their abundance in nature and their diverse chemical and physical properties. 
     This thesis describes the research aimed at the introduction of waxy potato starch derivatives as 
replacement for styrene butadiene rubber (SBR) latex as the binding ingredient in paper coatings. 
The central hypothesis is that hydrophobic groups on the starch backbone are required to achieve 
coating properties similar to latex-based coatings. This includes performance during the application 
process as well as the printing process. Chemical product engineering distinguishes between base-
material properties, intrinsic properties of reaction products, formulation properties, application 
behavior and end-use properties. All these stages are inter connected; changes in the reaction 
conditions of the base-materials can lead to different properties, which will affect the formulation- 
and applications behavior and, ultimately, the end-product. On the other hand, if a change of end-
use property is required; this could be achieved by changes in the application-process, the 
formulation and the reaction conditions or in the base materials. This interconnectivity makes 
chemical product engineering both complex and challenging. 
 
Starch 
     After cellulose, starch is the most abundant carbohydrate in nature. It is formed in seeds, roots or 
tubers of higher plants for energy storage [2]. For many years, starch has been utilized in a large 
variety of applications. Already in 800 BC [3], starch was applied in cosmetics. Current uses range 
from nutritional to industrial applications like soups, sauces, concrete, drilling fluids, adhesives, 
textile, paper making and many more [4,5]. For many of these applications, some kind of (chemical) 
modification of native starch is required in order to perform as required. The functionality of starch 
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may vary from adhesion, rheology, film forming, water binding capacity, flocculation or a 
combination of these properties [5]. The total starch production in the EU in 2012 amounted 10 
million tons vs. 75 million tons worldwide [6], see Figure 1. The total annual turnover for starch 
companies in the EU was € 7.7 billion in 2010 [7].  
 
Figure 1: total world production of starch in million tons [6]. 
 
Form and structure of starch 
     Starch is a poly-saccharide composed of α-D glucose monomers, see Figure 2. After 
polymerization, in which water is eliminated, the repeating units are often referred to as 
anhydroglucose-units (AGU). Two major forms of starch are formed; the first is amylose, a mainly 
linear chain of α (1-4) linked AGU, with a degree of polymerization (DP) up to 3000. The second is 
amylopectine, which is a branched molecule. The branching points are α (1-6) links. The total DP of 
amylopectine is estimated to exceed 106. Amylose contains approximately 0.5% α (1-6) linkages and 
amylopectine around 5% which makes it a highly branched polymer [8]. 
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     The structure of amylose and amylopectine is extensively described in the literature [2,5]. Perez 
and Bertoft [9] published a review about the starch granule architecture, from the AGU monomers all 
the way up to the granule macro structure. The branching points and linear sections of amylopectine 
form alternating amorphous and crystalline lamellae within the starch granule. The model of the 
amylopectin molecule took many years to develop and is still subject of debate [10]. The cluster-
model, shown in Figure 3, divides the amylopectine molecule into clusters. Each cluster contains so-
called A- and B chains. A-chains are located in only one cluster and do not have side-chains. B-chains 
do contain side chains, but can be located in 1 cluster (B1-chain), 2 clusters (B2 chain) or more (≥ B3-
chain). The C-chain is the chain that contains the reducing end. 
 
Figure 3: amylopectin skeleton structure, schematic (adapted from [11], with permission). 
 
     Botanic origin and growing conditions highly influence the characteristics of different types of 
starch. They determine the shape and size distribution of the granules [12] and thereby the powder-
handling properties. Typical variations in the molecular composition are the ratio of amylose and 
amylopectine as well as the fine- structure of the amylopectine skeleton and side-chain length [13]. 
The fine- structure of amylopectine is linked to the gelatinization behavior of starch granules [14]. 
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Granule property Potato Maize Wheat Tapioca 
Diameter     
Range (μm) 5-100 3-26 1-40 4-35 
     Mean 30 15 10 20 
     Amylopectin (%W) 21 28 28 17 
DP     
     Amylose 3000 800 800 3000 
     Amylopectin (*106) 2 2 2 2 
A-chain 16a 13b 12 b 12a 
B1-Chain 24a 25 b 25 b 21a 
Pasting temp (°C) 60-65 75-80 80-85 65-70 
Table 1: some characteristics of starch from different sources [12]. 
     
a
) From Hizukuri et al. [15]. 
     
b
) From Hanashiro et al. [13]. 
 
Gelatinization and retrogradation of starch 
     For most applications, the starch granular structure is disrupted in a process called gelatinization. 
Gelatinization in water involves a series of subsequent steps. In Figure 4, the gelatinization process 
described above is displayed in a viscogram. 
 
Figure 4: illustration of the gelatinization process by a rapid visco analysis diagram. 
 
     Gelatinization is described by Gudmundsson [16] as ‘a term used for the changes that occur in 
gelatinized starch from an initially amorphous state to a more ordered or crystalline state’. At the 
pasting temperature, or on-set temperature, starch granules start to swell, thereby taking up water. 
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Due to granular swelling, the viscosity of a granular suspension starts to increase. If amylose is 
present in the starch granules, it leaches out of the granules into solution. At the so called ‘peak 
temperature’, the viscosity is at its maximum and granular disruption occurs. The double helical 
structure of the amylopectine dissociates [17] and the crystalline structure is lost. The process of 
gelatinization is irreversible. The characteristic features of the gelatinization process are related to 
granular size and structure, amylose-amylopectine ratio, presence of lipids, proteins or phosphate 
groups, the amylopectine fine-structure, crystalline organization of amylopectine (A-, B- or C type) 
and chemical modification [5]. The subsequent steps of gelatinization can be visualized by means of 
rapid visco analysis (RVA) in which a starch suspension is heated while the viscosity is recorded.  
 
     In general, amylose retrogradates more easily than amylopectine and in addition, amylose may co-
crystallize with amylopectine. A high amylopectine content is favorable in applications that require 
for example a stable viscosity. The rate of retrogradation depends on the amount of amylose 
present, temperature, moisture content (in case of solid), concentration (in case of solution) and the 
type and level of modification [5,17]. Retrogradation can be detected by measuring the starch 
viscosity, Differential Scanning Calorimetry (DSC), X-ray diffraction (XRD) and other methods [5]. 
Figure 5 displays a schematic representation of the retrogradation of amylose.  
 
Figure 5: schematic representation of amylose retrogradation, adapted from [18], with permission. 
 
Chemical modification of starch 
     Native starch is modified either chemically, physically or enzymatically for almost all applications. 
By modification, the properties of starch are tailored to the demands of a specific application. 
Chemically, starch is a poly-alcohol. The OH at C-6 is a primary alcohol and the OH at C2 and C3 are 
secondary alcohols. In general, primary alcohols are most reactive. However, due to the anomeric 
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centre at C1, the reactivity of the starch OH-groups becomes, in decreasing order: C2 > C6 > C3 [19]. 
Tomasik [20] extensively reviewed chemical modification of starch, which can be divided into 
different categories, schematically summarized in Table 2. 
Modification  
Degradation Mw  
Oxidation St  St=O, St-COOH 
Crosslinking St – O – X – O – St  
Esterification St – O – CO – R  
Etherification St – O – R  
Grafting St – g – R 
Table 2: categories of chemical modifications of starch. 
 
     Degradation of starch is generally performed by acids or enzymes. The starch molecules are 
hydrolyzed, thereby leading to a lowering of the molecular weight. Generally, this method is used to 
produce dextrines or glucose syrups. Oxidation is usually performed by the reaction of starch with 
sodium hypochlorite [21] under basic conditions. Sodium periodate or hydrogen peroxide may also 
be used [5]. During the hypochlorite oxidation the starch is degraded to some extent, causing 
decreased solution viscosity at increasing level of oxidation. An important difference with acid 
degradation is the introduction of negatively charged carbonyl- and carboxyl groups in case of 
oxidation. These groups enhance the solubility of the starch and decrease retrogradation of the 
starch solution due to repulsion of the negative charges. 
     A cross-linking reaction connects the hydroxyl groups of two starch molecules and thus increases 
the average molecular weight. A typical example is cross-linking by epichlorohydrin [20]. 
Esterification and etherification are substitution reactions in which a molecule is substituted on one 
of the hydroxyl groups on the anhydroglucose monomer, thereby forming an ether or an ester. 
Grafting is usually referred to as the polymerization of a substance on the starch backbone. 
Polymerization can be initiated on a hydroxyl group or by radical polymerization in which a radical is 
first formed on the starch backbone from which polymerization is initiated. Examples are the 
polymerization of styrene or acrylic acid on starch [20]. 
 
Modification techniques 
     Modification of starch can be performed by several techniques. In general, reactions can be 
performed in (aqueous) suspension, solution or under (semi) dry conditions [5,20]. The advantage of 
reactions in aqueous suspension is the potentially high starch concentration in water during the 
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reaction. Industrial starch chemistry is preferably performed in aqueous suspension [19]. After the 
reaction, the starch granules can easily be washed and dried. Solution-reactions can be performed 
when starch is solubilized in water, DMSO, pyridine or another solvent. For other than academic 
research, mostly water is used as a solubilizing agent. Primarily, reactions which require a high 
temperature are performed in this way or if a cold-water soluble product is desired. The 
disadvantage of this method is the large amount of water that needs to be evaporated (Starch 
suspensions have a maximum concentration of about 40 %W of dry solids and thus 60 %W of the 
total mixture will be water). Reactive extrusion is a process where starch is plasticized at 25 – 30 %W 
moisture content yielding cold water soluble products [22]. Semi-dry reactions take place in the 
starch granule at 20 – 25  %W moisture content and yield a product that still needs to be cooked [5]. 
The general advantage of semi-dry methods is the absence of a drying step. Both solution- and 
extrusion reactions are typically performed if very high conversions can be obtained so less residuals 
remain in the product or when the by products are allowed in the final product [19]. The absence of a 
purification step means that these types of reactions cannot be used if the by-products are not 
allowed in the end-product. 
 
Paper and paper coatings  
     The global paper and paper board production in 2011 was 407 million tons of which 35% was for 
printing and writing [23]. To improve the printing quality of paper, a coating can be applied which 
results in decreased surface roughness, better ink holdout and increased image sharpness [24,25]. 
The coated paper may be used for glossy magazines, posters, catalogues, etc. The reduction of 
surface roughness reduces light scattering, which results in sharper print images as can be seen in 
Figure 6. Paper coating is primarily applied to increase the aestatic value of paper [26]. 
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     For high-quality paper products, three layers of coating are usually applied. The first two layers 
serve to level the paper surface, while the third layer, the so-called “top-coat”, gives the paper its 
desired functionality and appearance [26]. 
 
Application analysis 
     The next section is dedicated to analyzing and understanding the paper coating- and printing 
process in order to understand the challenge of replacing SBR latex by starch. Requirements 
regarding e.g. rheological behavior and surface energy in relation to the application process of the 
coating will be used to formulate the research hypothesis. 
 
     General requirements 
     During the printing process, the ink must be allowed to form a uniform layer without deficiencies. 
The printing quality is influenced by the printing process as well as the coating properties. The top-
coat should be a uniform, porous, layer that adheres well to its substrate and is able to resist the 
forces during processing and use. During the coating process itself, the rheological behavior of the 
formulation is very critical [25,26]. These requirements will be further described and clarified below.  
 
     Coating composition 
     A typical top-coating composition is displayed in Table 3. The main ingredient of the coating 
formulation, and largely responsible for its appearance is the pigment; clay (Kaolin), Calcium 
carbonate (ground or precipitated), talc or titanium dioxide. A binding agent is added to the pigment 
suspension to adhere pigment particles to each other and to the substrate. Many different binders 
are available; synthetic binders like SBR- or poly-(vinyl-acetate) latexes, and natural binders such as 
(modified) starch, carboxymethyl-cellulose, casein or other proteins. The formulation is adjusted to 
pH 8,5 – 9 with NaOH to minimize formulation viscosity [26]. Other additives, like optical whiteners, 
de-foaming agents, biocides, etc., can be added to optimize processing- and end-use properties [26]. 
The total solids content is predominantly determined by the solids content of the pigment (75-78 
%W) and the binder (starch ≤ 35 %W, latex ~50 %W). Latex-based coatings generally have a higher 
solids content. Preferably, the total solids content is >65 %W to minimize drying costs. Therefore, the 
solids content of the binder (starch) should not be much lower than 35 %W. A latex-based coating, 
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prepared according to Table 3 has a solids content of around 71 %W while a starch-based coating 
would be 67 %W solids at maximum due to the lower solids content of the starch solution compared 
to the latex. When starch is used, sometimes the formulation has to be diluted somewhat to achieve 
target viscosity. If other additives are also taken into account, the solids content of a top-coat 
formulation has a typical solids content between 62 and 67 %W [28].  
Component Parts (Dry Solids) Compound solids content (%W) 
Pigment 100 75 – 78  
Binder             Latex 5 – 15 (12)a 50 
Starch 5 – 15 (12)a ≤ 40 
NaOH < 0.1 5 – 10 
Optical whitener 0.5 – 0.8 - 
Other additives 0.5 - 
Defoaming agents < 0.1 - 
Biocides < 0.1 - 
Table 3: simplified recipe of a top-coating formulation [26]. 
a) 12 parts of binder is commonly used 
 
     SBR latex coating binder 
     The final coating properties are strongly influenced by the binder, since it is the second major 
component and surrounds the pigment particles. The presence of a binder prevents detachment of 
the pigment particles when stress is applied, for example during printing. Currently, latex binders 
outperform starch in top-coatings both during application and the printing process. SBR latex is 
composed of styrene and butadiene monomers which are polymerized in emulsion. Acrylate groups 
may be co-polymerized for stabilization or tuning the hydrophobicity. Typically, a latex formulation 
has a solids content of 50 %W, a viscosity of around 400 mPa.s and an average particle size of around 
140 nm. During coating deposition, the viscosity is very low and, because of its high solids content, 
the total amount of water of the coating formulation is low which reduces drying costs. After drying, 
the coating forms a uniform porous layer, which is beneficial for the printing process [26,29,30]. In 
addition, SBR is hydrophobic which enhances the ink receptivity of the coated paper. A disadvantage 
of latex is its low water binding capacity. During application, the formulation undergoes a pressure 
peak upon passing the blade, driving water into the base-layer; see Figure 7. Moreover, the viscosity 
of a latex-based coating is generally too low; < 900 mPa.s while around 1200 mPa.s is required for 
good machine runabilty. Both issues can be solved by adding a hygroscopic rheology modifier, for 
example Carboxy Methyl Cellulose (CMC). 
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     Coating application process 
     The application technique for the coating layer, focused on in this thesis, is blade-coating; a 
common technique for the deposition of top-coatings [25,31]. After the coating formulation has been 
applied on the paper, it is adjusted to the desired thickness by means of a blade [24] as schematically 
shown in Figure 7. Typically, the layer thickness ranges from 10 – 20 μm at a speed of 1500 - 2000 
m/min [24]. These conditions result in a shear rate in the order of magnitude of 107 s-1 [28] for a 
period of roughly 30-40 μs. The coating temperature during application is commonly around 30°C. 
Latex based coatings typically have a viscosity around 50 mPa.s under these conditions. After 
application, the paper web proceeds into a drying section. Here, the coating will develop its final 
properties. The whole process takes 5 – 10 seconds to complete. In this time, all properties should 
develop as desired.  
 
Figure 7: schematic, simplified representation of the blade-coating process, redrawn from [32]. 
 
     Dewatering behavior 
     During the coating process some water is driven out of the formulation into the substrate (paper, 
pre- or mid coat) due to the pressure peak under the blade [26]. In addition, water can migrate to the 
substrate by capillary transport prior to drying. The process of water moving from the formulation 
into the substrate is referred to as ‘water retention’ or ‘dewatering behavior’ [26], the latter being 
used in this thesis. Dewatering of latex-based coatings is relatively high since polymer spheres do not 
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     Consolidation process 
     The coating consolidation process of latex-based coatings is characterized by a sequence of 
events, described by Watanabe and Lepoutre [29,34]. Zang et al [35] proposed an extension to the 
model of the latter. Four stages in coating consolidation are identified: the “liquid stage”, “liquid-gel 
transition stage”, “gel-drying stage” and finally the “solid stage”. These stages are distinguished by 
changes in gloss and reflectance, which is illustrated in Figure 8. In the liquid stage, <50V% solids 
[34], water can move freely to the coating surface to evaporate. Shrinkage due to water loss is 
completely equal to the volume of evaporated water. The distance between particles decreases, but 
they are not deformed. At still increasing solids content, the first critical concentration (FCC) is 
reached, which is marked by a sudden drop in coating gloss [34]. At this solids content, a gel-like filter 
cake starts to form at the coating-air interface while the bulk of the coating remains in the liquid 
stage. Water moves from the bulk through the filter cake to the coating surface by capillary 
transport. This stage is also referred to as the liquid-gel transition phase [35]. As drying continues, 
the liquid-phase layer becomes thinner as more water evaporates until the whole coating layer is a 
homogeneous gel. This solids content is defined as the latex coalescence concentration (LCC) [35]. 
The remaining water is held within the coating capillaries. Since the pigment particles are rigid, 
shrinkage at increasing solids content in this stage is due to latex particle deformation. Maximum 
latex particle deformation is reached at the second critical concentration (SCC). 
 
Figure 8: FCC and SCC as described by Watanabe and Lepoutre [29,34]. 
     The SCC is marked by a sudden increase in reflectance. Up to the SCC, the water-air interface has 
remained at the coating-air interface but now starts to move into the coating layer [29,34,35]. The 
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solid-stage is the final drying stage. Shrinkage in this stage is practically zero and is independent of 
the water content of the coating. At the solid stage, all coating components are fixed and can/will not 
deform or displace anymore. The process is schematically represented in Figure 9.  
 
Figure 9: schematic representation of the coating and drying process. 
 
     Much work has been performed to predict the drying behavior of paper coatings [36-39]. 
Extensive modeling and experiments have indicated that many parameters influence the coating 
consolidation process: rheological behavior of the coating [40], surface tension of the liquid phase, 
drying speed and temperature, Brownian motion, coating layer thickness, particle size distributions 
of pigment and binder [41], electrostatic and van de Waals interactions [36], liquid density, capillary 
size, salinity, presence of dissolved polymers [33] and many other factors. Most research is focused 
on latex-based coatings. Figure 10 displays a SEM image of a latex-based paper coating from a typical 
pilot coater experiment. The coating recipe was according to Table 3, with 12 parts of latex. Note the 
porous structure and arrangement of fine- and course particles.   
 
Figure 10: SEM image of all-latex coating from pilot coater trial, further discussion in chapters 3 and 5. 
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     Printing process 
     Offset printing techniques cover 60 % of the market [26] and are therefore assumed to be the 
standard in this thesis. The ink is transferred over a system of rolls onto the substrate, as illustrated 
in Figure 11.  
 
Figure 11: schematic overview of off-set printing process reprinted form [42], with permission. 
 
     The carrier liquid of the ink contains C12-C20 alkanes [43] which have a surface tension of around 
20 mN/m. Water, also referred to as ‘fountain solution’, is used to cover the area of the rolls where 
no ink should be, to obtain the desired images. Usually, four colors are applied; black, blue, yellow 
and magenta. Some water is transferred to the substrate at application of each color, also in places 
where the next color will be deposited; in some cases up to four times. Oil and water both need to be 
absorbed by the coating layer. Optimal printing conditions are a complex compromise of many 
different properties, however, from the above it is clear that pore structure and surface tension of 
the coating surface should be sufficient and uniform [26]. An exact number for pore size distribution 
is hard to define since it is case-sensitive; too small pores cause slow oil transport and too large pores 
result in uneven ink distribution [26]. The same applies for surface tension since both oil- and water 
wettability should be sufficient. If the applied latex is too hydrophilic, however, printability decreases 
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Replacing SBR by starch 
     Up to this point, the coating process has been discussed for latex-based formulations. If latex is 
replaced by starch, many changes are introduced into a complex system in which many properties 
are connected. If starch is used, the ratio between the dispersed- and continuous phase in the 
formulation changes, as well as the composition and nature of the continuous phase. The presence 
of starch causes changes in the consolidation mechanism. It is well-accepted that starch migrates to 
the coating interfaces during drying and may cause irregularities in the ink-coverage, also known as 
mottling. 
     A standard coating formulation, based on SBR latex, has a solids content of around 73 %W 
whereas if the total mass of latex is replaced by starch, the maximum solids content is a little less 
than 69 %W. Since latex is dispersed and starch is dissolved and therefore has become part of the 
continuous (aqueous) phase, the free space between the pigment particles increases. This is 
illustrated in Figure 12, where three cases are considered, based on the recipe from Table 3: 1) all 
latex with 50 %W solids, 2) all starch at 35 %W solids and 3) all starch based on 73 %W solids 
content. It is assumed that the density of the pigment particles is 2700 kg/m3, latex particles 1000 
kg/m3 and starch 1600 kg/m3 (calculated from [45]). 
 
Figure 12: relative fraction of coating compounds for 1: latex (50 %W), 2: starch (35 %W), 3: starch (73 %W). 
 
     Figure 12 shows that even if the total water content of the formulation is the same for latex and 
starch, the total volume of the continuous phase is still larger in the case of starch. This means that 
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 4.3* WMK
     The replacement of latex by starch also changes the behavior of the continuous water phase. 
Starch is dissolved whereas latex is dispersed. This implies a viscosity increase of the water phase. In 
general, the viscosity of dispersions can be described by the Einstein equation [46]: 
                   (Equation 1) 
     Here, μf is the measured viscosity of the formulation, μ0 is the viscosity of the continuous phase, 
[μ] is the intrinsic viscosity of the dispersed particles (2.5 for spherical pariticles) and Ф is the volume 
fraction of spheres in the continuous phase. For calcium carbonate, intrinsic viscosities of 2.8 and 4.6 
mPa.s were reported [47,48]. This equation only applies for low volume fractions of solids (φ < 0.2), 
but illustrates the effect of the viscosity of the continuous phase on the total formulation viscosity. In 
addition, increasing the molecular weight of latexes does not affect the rheological behavior at 
similar particle size and volume fraction. If the molecules are dissolved, however, there is a strong 
relation between viscosity and molecular weight [46]:  
     (Equation 2) 
     μ resembles the solution viscosity, Mw is the average molecular weight of the dissolved 
component. K is a correction factor. Decreasing the molecular weight by 1 order of magnitude 
decreases the viscosity by >3 orders of magnitude. To decrease the coating viscosity, degraded 
(oxidized) starches are applied today [5,21]. By oxidation, the viscosity of starch can be tailored to 
the required value. If the starch viscosity becomes too low, however, binder migration is more likely 
to occur. In addition, due to the decreased molecular weight, the binding strength will decrease. It is 
the combination of decreasing the molecular weight and the introduction of carbonyl- and carboxyl 
groups that makes oxidized starch suitable for paper coatings. The introduction of these groups 
results in a stable starch solution. If, for example, the viscosity of the starch solution would be 
reduced by acid degradation, the starch solution would retrogradate more quickly due to the 
absence of the negatively charged (repelling) groups which would result in increased coating 
formulation viscosity [49].  
 
Binder migration 
     Binder components in the coating formulation can migrate with the aqueous phase, which is 
absorbed by the substrate and evaporated at the coating-air interface during the coating process 
[33,50,51]. Binder migration is not per se undesired [33]. Excessive migration to the substrate may 
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cause decreased adhesion strength, due to decreased binder content in the coating [33]. Printing 
problems occur if the binder distribution at the coating surface is non-uniform [26,52]. 
     Both dissolved and dispersed binders show migration [53]. It was established that latex migrates 
before the FCC is reached [34]. Latex particles move by Brownian motion and get trapped at the 
surface where they accumulate. Latex migration is influenced by coating viscosity [54], presence of 
soluble polymers, [33], latex-pigment particle size ratio [41], substrate absorbency, application 
process, coating weight, drying conditions and more [50]. Above FCC, the capillary structure prevents 
latex particles from migration. Capillary pressure now is the driving force for water transport to the 
surface. Dissolved binders, i.e. starch or CMC, are transported with the aqueous phase [51]. Below 
FCC, starch levels remain relatively uniform due to diffusion [38]. Migration of dissolved compounds 
is a function of the viscosity and the surface tension of the aqueous phase, diffusivity of the dissolved 
compound. Above SCC, no migration occurs anymore [29,34]. Pan et. al. [38] described binder 
migration as a function of a capillary number, and a Peclet number. The capillary number balances 
capillary- and viscous forces.  
    (Equation 3) 
     Where μ is the liquid viscosity, W is the initial drying rate at the coating surface, L is the layer 
thickness, γ is the liquid surface tension, ρ is the liquid density, rP is the pore-size radius. At Ca > 1 
viscous flow dominates and at Ca < 1 the capillary forces. The Peclet number (Pe) balances 
convection and diffusion of dissolved compounds; D is the diffusivity of starch, the subscript ‘b’ and 
‘l’ represent ‘binder’ and ‘liquid’. 
     (Equation 4) 
 
     These equations exemplify that concentration and molar weight as well as the surface tension of 
the dissolved component affects migration behavior. To prevent migration of starch, the capillary 
pressure, and as a consequence the liquid surface tension, should be low. The viscosity should be 
relatively high. Layer thickness, liquid density, initial drying rate and pore size are system-specific, but 
high drying rates and thicker layers promote migration. High viscosity suppresses migration, but as 
mentioned earlier, the viscosity of the coating formulation during the coating process at a shear rate 
of 106 s-1 should be ≤50 mPa.s. This makes the rheological behavior of the coating formulation a 
critical parameter.  
     Migration of starch may also occur upon re-wetting and subsequent drying of the coating layers. 
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process when water (fountain solution) is transferred to the coating layer, as described above. It was 
shown by Dobler et al. [55] that starch migrates from the pre- and mid coating layer to the top-coat 
upon application, thereby causing a printing defect called ‘mottling’.  
 
Mottling 
     Mottling is a common printing deficiency. It is the result of an uneven ink density distribution, 
visible as darker and lighter spots. The causes and mechanisms of mottling of starch containing 
coatings were extensively reviewed by Ragnarsson in his PhD-thesis [56]. Mottling is either caused by 
bad printer configuration or by the substrate quality. In this case, only the latter will be discussed. 
Two types of mottling result from substrate quality. The first is uneven drying/absorption pattern of 
the ink, called back-trap mottle. The second is water-interference mottle: uneven absorption of 
fountain-solution by which the ink is repelled, resulting in uneven ink distribution at the coating 
surface. Substrate quality in this case includes local variations in porosity and oil wettability due to 
uneven binder migration. Causes of uneven binder migration are variations in coating weight, drying 
speed, coating shrinkage and reduced coating porosity by calandering. Calandering results in a higher 
gloss but at the cost of decreased porosity and thus the chance of mottling. Blade coating itself 
results in uneven coat-weight distribution, because all the voids in the base-paper will be filled with 
coating formulation. Drying speed is translated to the transport of the continuous phase to the 
coating surface to evaporate. Increased drying speed means increased transport. In addition, during 
drying there is some starch diffusion from the surface to the bulk, which is less significant at high 
drying speed. Shrinkage occurs due to capillary forces. Latex particles are deformed by these, but 
they are immobilized above LCC. Starch, however is mobile until SCC. The capillary forces promote 
migration and drive the pigment particles closer together. Calandering increases gloss by 
smoothening the coating surface, affecting the porosity at the coating-air interface.  
 
Research hypothesis 
     The above suggests that the performance of starch containing coatings could improve if the starch 
molecule would have increased hydrophobicity. The capillary forces in the coating formulation during 
the drying process would be decreased which should result in a decrease of starch migration and 
thus a lower surface starch content. On the other hand, increased starch dry film hydrophobicity 
should improve the interaction with ink and hence the printing behavior. 
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Research strategy 
     The supposed advantages of increased hydrophobicity of the starch molecule by a chemical 
reaction are related to application- and end use properties. In between are the intrinsic starch 
properties and the coating formulation properties. Therefore, first starches with hydrophobic 
substituents were produced and characterized. Subsequently, the formulation-, application- and end-
use properties were evaluated to obtain an overview of the consequences of the increased 
hydrophobicity. In addition, for this research waxy potato starch (>99 % amylopectine) was used as 
well as some oxidized derivatives of waxy potato starch, to control starch solution viscosity. The 
advantages of waxy potato starch are: 1) increased solution stability due to the absence of amylose, 
2) the presence of only one type of molecule (amylopectine) instead of two and 3) potato starch 
contains only minor amounts of protein and fat.  For the production and characterization of the 
hydrophobized starches, standard laboratory techniques were applied including NMR, FTIR, GC, UV-
vis, rheometer, Rapid Visco Analysis (RVA) and contact angle measurement. Coatings were tested on 
dewatering and rheological behavior with various techniques and subsequently applied to the paper 
by a laboratory blade-coating device, called a DIXON coater, of which a detailed description is added 
in Appendix A. Coating surface properties were determined by specific equipment for mottling, 
bonding (or pick) strength and porosity. The surface starch content was determined by means of 
FTIR. SEM imaging was used to study the coating surface morphology in more detail.   
 
Thesis outline 
     Chapter 1, the introduction, aims to introduce the reader to starch and paper coating in general, 
the specific challenges arising from replacing SBR by starch and the research strategy. These aspects 
provide a background and justification with respect to the performed experiments in the following 
chapters. Chapter 2 describes the production and characterization of benzylated derivatives of 
(oxidized) waxy potato starch. Reactions were performed according to known literature. The effect of 
the degree of substitution (DS) of benzyl groups in combination with the level of oxidation on the 
pasting behavior, solution viscosity and surface tension are studied. Chapter 3 describes the 
formulation- and end-use properties of the benzylated starches, prepared and characterized in 
Chapter 2. The dewatering behavior as well as the viscosity of coating formulations was studied. In 
addition, important end-use properties of coated paper samples were evaluated, such as binding 
strength and ink mottle. Chapter 4 describes the hydrophobic modification of (oxidized) waxy potato 
starch using butyl-glycidyl ether, an epoxide. The reaction was performed similar to the benzylation 
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reaction, at somewhat milder reaction conditions. The products were characterized in a similar way 
as in Chapter 2. In Chapter 5, the formulation- and end-use properties of the starches, prepared in 
Chapter 4, are evaluated in a similar way as in chapter 3. Finally, in Chapter 6, an overview and 
analysis of the results from Chapters 2 – 5 is presented. This includes a comparison between the two 
hydrophobic modifications performed in this thesis, lessons that can be drawn from these results and 
suggestions for further research activities. This thesis also contains an appendix on the DIXON lab-
coating device and a summary. 
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